The aim of this article was to study opportunities for improvement of the indigenous and threatened Red Maasai sheep (RM) in Kenya, by comparing purebreeding with crossbreeding with Dorper sheep (D) as a terminal breed, in two different environments (Env. A and a harsher Env. B), assuming different levels of genotype-by-environment interaction (G 9 E). Breeding goals differed between environments and breeds. Four scenarios of nucleus breeding schemes were stochastically simulated, with the nucleus in Env. A. Overall, results showed an increase in carcass weight produced per ewe by more than 10% over 15 years.
| INTRODUCTION
Red Maasai sheep is a fat-tailed indigenous sheep breed in Kenya. It is renowned for its resistance to endoparasites, mainly gastrointestinal parasites (Preston & Allonby, 1979; Silva et al., 2012) , and drought tolerance (Kosgey, Rowlands, van Arendonk, & Baker, 2008) . It is, however, poorly ranked in terms of body weight (Kosgey et al., 2008) . Until the mid-1970s, purebred Red Maasai sheep was the main type of sheep kept in the southern pastoral lands of Kenya, probably numbering several million head. In the 1970s, however, a population of the synthetic meat breed Dorper was imported to Kenya from South Africa for research and multiplication purposes, to increase weight gain. No instruction was provided to farmers about how to maintain a continuous crossbreeding programme and many farmers continued crossing their flocks with Dorpers. This indiscriminate crossbreeding was subsequently proven unsuitable in many production areas (Gibson, 2007) .
Crossbreeding or upgrading to Dorper may be appropriate if the environmental conditions are good. In semi-arid regions, and when there is adequate feed, Dorper sheep has a larger body size and produces well (Mugambi, Audho, & Baker, 2005) compared with Red Maasai. However, in more harsh conditions, for example in arid or humid areas or under high parasite challenge, Red Maasai are of about the same size as Dorper and survive better (Baker, Mugambi, Audho, Carles, & Thorpe, 2002) , a clear indication of genotype (breed)-by-environment interaction (G 9 E). For Red Maasai and Dorper sheep in Kenya, there are large differences in performance depending on the environment. Farmers, however, show interest in both breeds: Red Maasai for its drought and disease tolerance and Dorper for its body size and growth (Kosgey et al., 2008; Zonabend K€ onig et al., 2016) , so in order for a breeding programme to be accepted, it should consider using both breeds.
The main challenge is that there is no structured breeding programme available to enable sustainable utilization of Red Maasai together with Dorper. Theoretical attempts have been made, but lack of both continuous performance recording and enabling organizational and institutional structures has made it difficult to implement efficient breeding in village flocks (Gicheha, Kosgey, Bebe, & Kahi, 2006) . A simplified breeding scheme for sheep in Kenya was discussed, using a closed nucleus, but that study mainly focused on selection for a reduced faecal worm egg count in the breeding goal (Verbeek, Kanis, Bett, & Kosgey, 2011) . Gicheha et al. (2006) simulated two scenarios for meat production in Kenya, one for keeping animal numbers fixed and another with limited feed resources. They found that both options would be profitable and stressed the importance of revenue for the programme rather than genetic gain. Kosgey, Baker, Udo, and Van Arendonk (2006) gave examples of successes and failures in small ruminant breeding programmes and pointed out the need for a breeding strategy to be holistic and include farmers' participation to be sustainable. In Ethiopia, breeding strategies for small ruminants have been suggested (Gizaw et al., 2014) and are currently being put in place .
As farmers show interest in both breeds, improvement of both the Red Maasai and Dorper breeds would be desirable. With limited means and infrastructure, a crossbreeding programme may, however, again end up in indiscriminate crossbreeding. Therefore, terminal crossbreeding, where all crossbred progeny are slaughtered, might be more suitable (Leroy, Baumung, Boettcher, Scherf, & Hoffmann, 2016) . Such a programme needs to be accompanied by proper management and feeding allowing the terminal crosses to reach acceptable market weights.
There has, however, been limited research on breeding strategies covering different environments, especially assuming the existence of genotype-by-environment interaction. The aim of this simulation study was therefore to examine the opportunities for improvement of Red Maasai sheep as a means for sustainable conservation of the breed. This was carried out by comparing purebreeding of Red Maasai with crossbreeding with Dorper sheep as a terminal sire breed in two environmentally different areas, thereby accounting for the potential effects of genotype-by-environment interaction. The purpose was further to investigate the effects of selection within a nucleus flock only versus recording and selection also at the commercial level.
| MATERIAL AND METHODS

| Assumptions regarding populations and environments
The modelled breeding programmes targeted Red Maasai, Dorper and their crosses in two environmentally different areas. Many multiplication and breeding stations for sheep were set up in the late 1970s and early 1980s, but only few exist in Kenya today. Government and research stations are used as the main ones. A nucleus flock could be maintained on a research station with continuous recording and preferably with trained personnel, and with possibilities to supplement feeding and practise routine veterinary health care. Two environments were assumed, where Environment A was the same environment as for the nucleus, in a semiarid area, not very far from cities and commercial inputs, whereas Environment B was assumed to be a more harsh area, with arid climate and further away from veterinary support, good infrastructure and markets. Environments A and B include many smallholder flocks in pastoral systems, but for simplicity, these were simulated as per area instead. The two environments have been created to mimic the sites Isinya (Env. A) and Amboseli (Env. B), respectively, as described by Zonabend K€ onig et al. (2016) .
| Scenarios
Four main scenarios were assumed, two with purebreeding of Red Maasai (RM) only and two including also crossbreeding with Dorper (D) producing crossbreds of the two breeds (X). Two scenarios had a subnucleus for Environment B; the other two did not (Figures 1-4) . Under the base assumptions, recording of all index traits was assumed to take place at the nucleus (N) and subnucleus (SN) tiers for both sexes, but not at the commercial level (C). This assumption was relaxed in a sensitivity analysis. A Moderate genotype-by-environment interaction (G 9 E) was assumed between environments A and B for all traits and thus between N and Environment B (genetic correlation of 0.8 between the environments). As the environment in N was the same as in Environment A, it was assumed that a subnucleus in Environment A was not needed. The breeding goals (described later) differed between breeds and environments. Breeding males (replacement lambs) were supplied from N first for own replacement, thereafter to SN, and lastly to C. Females were in all scenarios replaced within tier. For all scenarios, the total number of adult females was the same: 5,800, split on 800 in N and 2,500 in each of the environments. Subpopulations were denoted by tier, breed (or cross) and environment, for example, N RM Env. A, SN D Env. B and C X Env. A.
The main breeding scenarios considered were as follows:
• Scenario 1. Purebreeding of RM at nucleus level with 800 ewes and 2,500 ewes at commercial level in each Environment (Figure 1 ).
• Scenario 2. As Scenario 1, but with a subnucleus with 500 RM ewes in Environment B and consequently only 2,000 RM ewes at the commercial level in Environment B (Figure 2 ).
• Scenario 3. A nucleus of 500 RM ewes and 300 D ewes. All males in C tier came from N, all C ewes were pure RM, 20% of these were crossed with D, and all crossbred lambs were slaughtered (Figure 3 ).
• Scenario 4. As Scenario 3, but with a subnucleus in Environment B with 300 RM ewes and 200 D ewes. Rams (RM and D) were to 60% recruited from within SN and to 40% from N. Commercial rams were to 100% recruited from the closest tier above (N or SN). At commercial level in Environment A, there were 2,500 ewes, and in Environment B, there were 2,000 ewes (Figure 4) .
The approximate effective population size (N e ) was calculated based on the average yearly increase of inbreeding coefficient for years 10-15 (as a regression on year) and thereafter multiplied with the average expected generation interval based on the age structure of male and female parents.
| Sensitivity analysis
To study the impact of changing some of the input parameters, the following changed assumptions were applied.
• The proportion of crossbreeding was increased from 20% to 40% in scenarios 3 and 4.
• The genetic correlation across environments (under the base assumptions with Moderate G 9 E set to 0.8) was changed to 1.0 (No G 9 E) and 0.6 (Strong G 9 E).
• Selection was also carried out within the commercial tier for selection of ewe lambs by implementing sheep recording at the commercial level.
• A higher level of heterosis, 12%, rather than 5%, was assumed for CWT, as shown by Zonabend K€ onig et al. (2017) .
| Simulation
A stochastic simulation programme was created in Fortran 90/95, using Intel Fortran with IMSL numerical libraries. The basic structure of the simulation is shown in Figure 5 . Each scenario was run over 15 years and replicated 20 times. In preliminary analyses, a period of 10 years was found to be too short to allow for the genetic gain to be transferred from the nucleus to the lower tiers, especially for the crossbred animals, and 20 years did not give additional information over 15 years. After reading input parameters, variance-covariance matrices (8 9 8 traits, F I G U R E 4 Scenario 4 with purebreeding of Red Maasai (red colour) and Dorper (black colour) in nucleus and in subnucleus in Environment B. All ewes at commercial levels were pure Red Maasai, and a proportion of Red Maasai ewes was crossed with Dorper; all crossbred lambs (blue colour) were slaughtered. Numbers refer to number of ewes in each population.
[Colour figure can be viewed at wileyonlinelibrary.com] F I G U R E 5 Flow chart of simulation programme four traits for each environment, described later) were set up and Cholesky decomposed. For each replicate, breeding values and environmental deviations for each individual in a base population were simulated using the appropriate Cholesky lower matrix multiplied by a 8 9 1 vector of random normal deviates. Thereafter, the first batch of purebred lambs was created and their total merit indexes (TMI) were calculated using a selection index (described later). Each female lambed at ages of 2-7 years, after being mated at random to a male (avoiding close relationships), and if mating was successful (probability depending on litter size), one or more male or female offspring were generated (50/50 sex ratio). Thereafter, the following was carried out each year: after making the parents 1 year older, the lambs born the previous year were sorted on their TMI. The best male and female lambs were selected for replacement within the same population for those populations where this was appropriate. If this population also supplied lambs to another population (e.g., from N to SN or C), these were selected from the best of those left. An upper tier was always supplied before a lower tier, so in order: N, SN and C. Distribution of selected lambs to more than one population at the same level (e.g., C RM Env. A and C RM Env. B) was at random among those selected.
After distributing all breeding animals to their appropriate populations, remaining purebred and crossbred lambs were slaughtered and the quantity of carcass weight was calculated. Thereafter, the next batch of lambs was created, both purebred and crossbred. The oldest (20 or 40%) ewes were used for crossbreeding. After repeating this for 15 years, the breeding values and phenotypes of all animals were written to file and a new replicate was started.
| Population structure parameters
It was assumed that ewes lived up to 7 years and rams up to 3 years of age. Both rams and ewes had their first offspring at 2 years of age. One male per 15 females was used for mating. The number of lambs born per ewe and year and still alive at 12 months of age (no. of lambs at 12 months per ewe/year) was used in the simulation when generating lambs from each mating. This was calculated based on the literature sources considering lambing rate, litter size, lambing interval and survival to 12 months (Table 1 ). All males were assumed to survive up to 3 years of age, however, for ewes the annual survival rate after 1 year of age varied from 0.8 to 0.95, depending on breed and environment (Table 1) . The highest survival rate (0.95) led to having 17% of ewes in age class 1, whereas the lowest survival rate (0.8) led to 25% of ewes in the youngest class. Thus, lower survival led to higher need for replacements, but also to fewer ewes being in the fertile age classes 2-7. In addition to this, the number of lambs alive at 12 months of age differed between breeds and environments, thus affecting the selection intensity. The "worst-case scenario" is for SN D Env. B, where there are 200 ewes in total, out of which 150 are lambing, giving birth to 120 lambs in total, 60 of which are female, and 50 are needed for replacement.
| Simulated traits, breeding goal and selection index
For each individual, eight traits were simulated, four for Environment A and four for Environment B. The traits were defined as live weight (LW), carcass weight (CWT), survival up to 12 months (SVL) and milk yield per year (MY). Assumed input parameters for these traits are shown in Tables 2 and 3 . Genetic correlations between traits across environments were scaled by the assumed genetic correlation across environments, under base assumptions 0.8 (e.g., the correlation between LW and CWT within the same environment was 0.8; thus, the correlation between LW in Environment A and CWT in Environment B was 0.64). The same correlation structure among traits was assumed for all populations and environments. These traits were also described in Zonabend K€ onig et al. (2016) in Tables 4 and 5 of that paper. Economic weights for the three breeding goal traits CWT, SVL and MY were based (Cloete, Snyman, & Herselman, 2000; Gizaw et al., 2014; Kiwuwa, 1983; Mirkena et al., 2012; Ojango et al., 2016; Tibbo, 2006 All breeding rams were assumed to survive until 3 years of age.
on trait preferences expressed by farmers in two environmentally different areas, where Environment A in this study was assumed to correspond to the site Isinya and Environment B to Amboseli . The relative economic weight for CWT was based on expressed relative importance of body size and growth; the weight for SVL was based on condition, drought tolerance, disease resistance, and reproduction and mothering ability; and the weight for MY was based on milk production. It was assumed that the trait preferences expressed in that paper were in relation to the trait's phenotypic standard deviation. As the Dorper was only used as a terminal sire breed, MY was not considered in the breeding goal for Dorper. A selection index was calculated based on Lin (1978) , and economic weights and index weights are presented in Table 4 . LW was measured on the lamb at 12 months of age, SVL was measured on three maternal half sibs of the lamb, and MY was measured in the first lactation of the dam.
| Performance measures
The performance of the various scenarios was described using the following measures:
1. Genetic gain per year from year 5 to year 15 was calculated as a regression of true breeding values of all newborn lambs on birth year within replicate and averaged over replicates. 2. Quantity of produced meat (CWT) from lambs, both in total and from each subpopulation and environment (e.g., C RM Env. A) in year 15, expressed per ewe per year. In this calculation, all ewes were considered, not only those actually giving birth to or rearing a slaughtered lamb. 3. Revenues from all meat produced in total, and from each subpopulation and environment in year 15. Quantity of meat from adult sheep was based on the number of adult males and females in the last age class. The price per kg carcass meat was estimated to 325 KES (USD 3.75) (Zonabend K€ onig et al., 2017). Owing to the uncertainty of the market for sheep milk, we did not assume that the milk could be sold. However, for limited quantities and at least in some areas, milk can be sold for 80 KES/kg (Audho, Ojango, Oyieng, Okeyo, & Ojango, 2015) . All measures were calculated as a mean over all replicate means and with a standard deviation of the replicate means.
3 | RESULTS
| Genetic gain
The genetic gain in CWT in N RM Env. A amounted to about 0.20 kg per year and lamb and was similar across all alternatives and scenarios and consistent with expectations from selection index theory (Table 5 ). The genetic gain for N D Env. A was generally somewhat lower than for N RM Env. A owing to the smaller population size for the Dorper nucleus.
Genetic gain in SVL and MY was much lower than that in CWT. The annual gain in SVL and MY corresponds to about 0.04 and 0.05 genetic SD, whereas gain in CWT was about 0.17 genetic SD (all referring to response in N).
For all scenarios and traits, the annual genetic gain was highest in N, lower further down in the breeding structure and lowest among the crossbreds. This was because it took several years before the genetic gain became linear, for T nuclei about 3-4 years and 2-3 years longer for lower tiers, and longest for crossbred lambs. Even after 15 years, the slope of, for example, C RM Env. A was lower than that for N RM Env. A (Figures 6-9 ). When examining the genetic trends in the figures, it should be remembered that the trait shown, for example, for C RM Env. B is not the same CWT as for C RM Env. A, due to G 9 E. With Strong G 9 E interaction (0.6), the genetic gain in C RM Env. B was, as expected, lower than that under the base assumptions.
With No G 9 E, the genetic gain in Environment B was almost identical to that in A (results not shown). Alternatives with selection of female replacements in the commercial tier resulted in slightly higher genetic gain (e.g., 0.17 kg CWT in both environments in Scenario 1 compared with 0.16 and 0.13 under base assumptions for Environments A and B, respectively, but for other scenarios, the improvement was less). The main benefit of selection in C was that the genetic lag between the nucleus and C was shortened; for example, the genetic level for carcass weight increased over 15 years with 1.96 kg without selection and with 2.25 kg with selection in C for C RM Env. A, and with 1.39 and 1.63 kg for C RM Env. B, respectively, (Scenario 1, results not shown), compared with a value of 2.85 for N RM Env. A (Figure 6 ).
When heterosis was increased from 5% to 12% for CWT, crossbreeding was beneficial in both environments, although the total output of lamb CWT from the whole population was not better than from the purebreeding alternatives.
As a stochastic simulation was used, the variation in outcome across replicates could be observed. For instance, for Scenario 3, the genetic gain in CWT was 0.20 and 0.17 for N RM Env. A and N D Env. A, respectively. However, the range of outcomes (AE2 SD) was smaller for N RM Env. A (0.16-0.24) than for N D Env. A (0.11-0.23), mainly related to the smaller population size for N D Env. A. It could also be noticed that the variation in genetic gain outcome was much larger for SVL and MY, than for CWT. Expressed in relation to the mean, the coefficient of variation (CV) was 7-17% for CWT, approximately 30-60% for SVL and 20-66% for MY, all examples shown for the nucleus populations. 
| Quantity of meat produced
Using the base assumptions, Scenario 2 resulted in the highest quantity of meat from slaughtered lambs per ewe and year (Table 6 ). The quantity of meat produced in the less harsh Environment A increased when crossbreeding was used, and a higher level of crossbreeding resulted in slightly more meat produced. For Environment B, on the other hand, less meat was produced with Dorper and crossbreds, unless a higher level of heterosis, 12%, was assumed. The quantity of meat produced from lambs was always lower in Environment B than in Environment A, regardless of scenario. In general, approximately 10 kg of carcass weight was produced per ewe in the population in year 15. This was an increase in annual production by approximately 1.1 kg per ewe from the base level [i.e., at the beginning of the breeding programme, when it was approximately 9 kg (not shown)], which is more than 10% increase over the 15 years. The quantity of meat produced per ewe/year in Environment B was lower with Strong G 9 E and higher with No G 9 E. The variation in outcome for quantity of lamb meat produced was higher (by approximately 3-4 times) in the commercial tier than in the nucleus, but still quite low (results not shown).
| Revenues from meat
The main income was from slaughtered lambs (82%); however, meat from adult animals contributed with 18% of the income (Table 7 ). The ranking of the scenarios was not affected by using overall income or only quantity of lamb meat produced per ewe/year from Table 6 . Under the base assumptions, the purebreeding Scenario 2 produced the highest total income per ewe and year, in total 4,043 KES, corresponding to approximately 48.1 USD (Table 7) . Even though crossbreeding was generally unfavourable for the whole population with a reduced production of 3% compared with purebreeding, 40% crossbreeding was slightly better than 20% crossbreeding for Environment A. There were relatively small differences in income from adult sheep between the scenarios (Table 7) . Generally, Environment A yielded a higher income in all scenarios.
| DISCUSSION
| Genetic gain
The quantity of lamb meat produced increased by approximately 0.8% per year in all scenarios over the 15 years.
This was primarily due to the genetic improvement in carcass weight (Table 5 ) because number of lambs slaughtered did not change over time (results not shown).
With a heritability of 0.25 for LW in the nucleus, a proportion selected male (female) lambs of 6% (37%), leading to an average selection intensity of 1.5, and expected generation intervals of 2.5 (4.35) years, the expected annual genetic gain in LW, based on selection index theory, would be 0.35 kg for direct selection on LW only. The achieved response in LW was approximately 0.32 kg/year, corresponding to 0.2 genetic SD units (results not shown). The indirect response in CWT would be expected to be 0.8 9 0.75 of that (0.19 kg), where 0.8 is the genetic correlation and 0.75 is the ratio of genetic SD for the two traits ( Table 2) .
The actual response in real life is often lower than the theoretically expected. In this study, perfect knowledge was assumed for genetic parameters and adjustment for environmental factors, or that the heritability assumed was lowered to account for imperfect adjustment. Because there is a scarcity of information on genetic parameters, it is difficult to know how good the parameter values are, especially for SVL and MY. On the other hand, most of the gain comes from selection in the nucleus, which is assumed to be one flock. This means that the conditions are similar for all selection candidates and that it would be possible to adjust for various factors, for example, age at weighing. Kosgey (2004) found in his stochastic simulations of meat sheep in smallholder and pastoral systems in Kenya that more ewes per sire (indicating a higher selection intensity for rams) increased genetic gain and total revenue positively, but also increased the rate of inbreeding. The optimal scheme in terms of revenues was with 50 ewes per ram and 5-10 rams in the flock. In his most extreme example, with 2 rams and 100 ewes in nucleus, the average inbreeding coefficient in year 10 was 11.9%. In the current study, inbreeding rate was controlled by keeping the ratio ewes to rams much lower, and more realistic (15 ewes per ram), than in Kosgey (2004) . This resulted in a much higher effective population size (N e ) of around 175 or above for the nucleus.
As can be observed from the index weights in Table 4 , most of the selection pressure was put on LW and only very little on SVL and MY, and the response in these latter two traits was mainly a correlated response from selection on LW. The low response in SVL and MY was also a result of low heritabilities and that the traits were measured only on relatives of the selection candidates. Therefore, even though there were differences in the economic weights in the breeding goal between breeds and environments, the actual genetic gain was not much affected by that. However, choosing weights based on farmers' choice in these two areas (Zonabend K€ onig et al., 2016) might still be helpful in getting acceptance for the breeding programme among the farmers. The type of selection carried out resulted in a reasonably good response in LW and CWT (around 3 and 2.4 genetic SD, respectively, at year 15 in N RM Env. A, Scenario 1, results only shown for CWT, Figure 6 ). Compared with Mirkena et al. (2012) , studying community-based breeding schemes in Ethiopia, the annual genetic gain in LW in our study (0.32 kg, 0.2 genetic SD) was lower for all populations and most comparable with the indigenous Afar and Bonga breeds (approximately 0.24 genetic SD.
The genetic gain in the commercial tier was only slightly improved when recording and selection of female lambs took place also in the commercial tier. However, this gain did not lead to an increased quantity of meat from lambs because with selection also in commercial tier the heaviest ewe lambs were not slaughtered, but kept for replacement (Table 6 ). The main benefit of selection in C might be that the genetic lag between N and C was shortened, but it required at least some 10-15 years into the programme for the difference in genetic level to become less prominent. Gizaw et al. (2014) simulated alternative village-based breeding schemes for Menz sheep in Ethiopia and found that genetic gain increased with the number of village farmers participating. In this study, we assumed that the whole village was involved in both environments. An incentive for farmers to participate may need an integrated approach with increased access to infrastructural needs, such as extension services and market information, access to animal health care and improved feed technologies.
| Importance of environmental conditions and G 3 E
In the scenarios, it was assumed that Environment A (semi-arid) was less harsh than Environment B (arid). In all scenarios, and regardless of the levels of G 9 E and crossbreeding, meat production was substantially lower in Environment B than in Environment A (Table 6 ). The main reason was that, in this study, it was assumed that there were fewer lambs alive at 12 months per ewe and year in Environment B, which led to fewer lambs being slaughtered. Furthermore, the average CWT was lower in Environment B than in Environment A (Table 2) as was the genetic gain in CWT, due to the non-unity genetic correlation with the nucleus environment (Table 5) . With a Strong G 9 E, this latter effect increased and with No G 9 E only the effect of the harsher environment on live weights remained.
The assumption that D has fewer lambs alive at 1 year of age than RM is believed to be reasonable and also that the difference is larger between the breeds in a more challenging environment (B). The Red Maasai is well known for its parasite resistance and better survival compared with the Dorper (Baker, Mwamachi, Audho, Aduda, & Thorpe, 1999; Preston & Allonby, 1979) . Baker et al. (2002) showed that Red Maasai had a 14 percentage units better survival rate in the semi-arid climate than in hot humid climate, which could be compared with the Dorper that had a 35 percentage units lower survival rate in a humid area compared to a semi-arid. These results were also confirmed by Okeyo and Baker (2005) .
| Is crossbreeding beneficial?
A major aim of this study was to compare purebreeding of Red Maasai with crossbreeding with Dorper as a terminal sire breed. Using the base assumptions, the total effect of crossbreeding RM with D was always unfavourable, regardless of whether the comparison was carried out based on total revenues (Table 7) or only based on total quantity of lamb meat produced per ewe/year (Table 6 ). Purebreeding produced approximately 1.5 or 2.7% higher revenue per ewe/year and 0.25 or 0.33 kg more lamb meat per ewe/year than scenarios with crossbreeding did, in situations without or with a subnucleus, respectively.
For the less harsh environment (A), however, crossbreeding actually resulted in slightly higher quantity of meat produced, up to 0.2 kg/ewe/year (2%) more if 40% crossbreeding was practised (Table 6 ). For Environment B as a whole, on the other hand, crossbreeding resulted in lower quantity of meat, especially for Scenario 4 with a subnucleus tier (approximately 0.5 kg/ewe/year lower), and approximately 5% lower than for corresponding purebreeding scenario (Scenario 2) (Table 6 ). Instead, for Environment B, Scenario 1 was the alternative producing the largest quantity of slaughtered meat per ewe/year and if only considering the commercial tier in Environment B, Scenario 2 gave the highest output (Table 6) .
One main reason why crossbreeding with D was unsuccessful in Environment B was the lower number of lambs at 12 months per ewe and year for D in this harsh environment (Table 2 ). This was especially problematic when having a subnucleus for D, the sole purpose of which was to supply breeding animals for the commercial tier (Scenario 4). This also meant that some males that previously could be slaughtered now had to be selected as breeding animals (in Scenario 3, breeding animals instead came from the nucleus in Environment A). Actually, the assumed number of lambs alive at 12 months of age for D was close to the lower limit possible for having a sustainable population. For instance, in Scenario 4, there were on average 60 female lambs born in SN D Env. B every year and 50 of them were needed for replacement. Therefore, it could happen that by chance, there are fewer than 50 born in a given year. Of course, this low number of lambs also meant that the selection intensity on the female side was basically non-existent.
Another reason, apart from the litter size and lamb survival, for crossbreeding not being successful could be that under the base assumptions, heterosis for CWT was only 5%. This was based on literature sources. However, a higher level of heterosis (12%) was found in a recent study on crosses between RM and D in Kenya . Assuming this level of heterosis instead, crossbreeding was actually beneficial in both Environment A and Environment B (Table 6 ).
| Is a subnucleus valuable?
The subnucleus was assumed to be village farmers in Environment B willing and trained to keep records of the sheep. The aim was to have a breeding stock bred for the appropriate environment and using the breeding goals and economic weights as suggested by the farmers in that environment. A nucleus scheme with a subnucleus for specific areas may also be optimal when there are not enough trained farmers to keep records themselves for a fully community-based breeding scheme. Gicheha et al. (2006) and Kosgey (2004) suggested that a nucleus may be the easiest type of breeding programme to set up, given that often there are limitations in the organizational structures available, a lack of performance recording and that farmers are illiterate.
In our study of purebreeding, there was a slightly higher genetic level in C RM Env. B at year 15 when having a subnucleus for Environment B (Scenario 2 versus Scenario 1), (Figures 6 and 7) . The benefit of having a subnucleus in Environment B, with respect to the quantity of lamb meat produced, increased slightly with a Strong G 9 E between the nucleus and Environment B and decreased with No G 9 E. From a genetic standpoint, it was beneficial for C RM Env. B to get their breeding males from SN RM Env. B, as they were selected for the appropriate environment, rather than directly from N RM Env. A.
For the crossbreeding scenarios, there was a disadvantage of having a subnucleus (Scenario 4 versus Scenario 3) except for tier C in Environment B when there was G 9 E (Table 6 ). However, there is a cost for that, to be covered by the SN, previously assumed to be part of the commercial tier, where fewer male lambs now can be slaughtered. The incomes and costs of breeding animals were not considered in these calculations, mainly because reliable information on resources required for the setup and running of a subnucleus recording scheme was lacking. It was also pointed out by Gicheha et al. (2006) that under conditions in developing countries, maximizing total revenue rather than genetic gain might be of major interest for the farmers.
In our situation, an already existing research station has been suggested to be used for nucleus flocks of both Red Maasai and Dorper, to get even greater benefits from the investments already carried out. There would, however, be additional costs if setting up the assumed subnucleus in two of the scenarios. This requires an extension of the recording system, but as it should serve many purposes, the full cost should not be attributed to the breeding programme. Nevertheless, part of this cost must be balanced by higher income from selling breeding animals. Because incomes and costs of selling or buying breeding animals, as well as costs of extended recording, were not available, it was not possible to make comparisons between the different scenarios for the economic outcomes of the whole system or parts of it.
As regards the revenues, the income from milk was not incorporated into the comparisons between scenarios, owing to the current lack of available markets for sheep milk in large quantities in all areas, especially in Environment B. However, we think that milk production from sheep is an added opportunity for future income, and of course also as an added nutritional component, especially for children. So, even if there might not be a large market, sheep milk could still be valuable and is preferred in the breeding goals by farmers . If the price would be 80 KES per kg, as indicated by Audho et al. (2015) , and the milk yield per ewe per year would be between 45 and 110 kg (Table 2) , it would add a substantial income.
| What is the best way of conserving Red
Maasai sheep?
The introduction of Dorper to Kenya led progressively to uncontrolled crossbreeding (Gibson, 2007) . Leroy et al. (2016) reported indiscriminate crossbreeding as the main cause of genetic erosion of sheep breeds in Africa. Both the Red Maasai and the Dorper breeds are, however, important for the farmers . Therefore, in order to ensure that a suggested breeding programme will not lead to indiscriminate crossbreeding, it was assumed in the crossbreeding scenarios that all crossbreds were used for slaughter and that no breeding females were crossbreds. The maintenance of pure Dorper ewes in the commercial environment was avoided as it was found difficult to have a self-sustaining Dorper female flock in the harsh environment.
The original reason for importing Dorper was to get better weight gain and heavier lambs at slaughter. However, given the lower number of lambs surviving to slaughter, the total outcome is not as favourable as expected, especially not in the harsh environment. To achieve a sustainable production system and improved livelihoods, a better approach would be to focus on genetic improvement of the indigenous Red Maasai sheep. For the harsh Environment B, it would be best to use only the Red Maasai breed and implement a breeding programme for that breed, using a nucleus in that area, or alternatively a subnucleus, especially if a Strong G 9 E is suspected. For the less harsh Environment A, it would be possible to get an additional gain of 1-2% of meat using also crossbreeding with Dorper, as a terminal sire breed, and maybe more if heterosis was underestimated under base assumptions. This approach, where the Red Maasai constitutes the female breeding population, would ensure that a large population of pure Red Maasai females is retained. Given that farmers seem to be interested in having Dorpers as well, it would be necessary to have a genetic improvement programme for that breed too at the nucleus level, to keep up with the improvements in Red Maasai.
| CONCLUSIONS
Given the base assumptions in this study, which are believed the most plausible for conditions in Kenya, purebreeding of Red Maasai provides the best opportunity to improve meat production and livelihoods when the environment is harsh. For a crossbreeding strategy to be successful, it is necessary for the Dorper to achieve a higher survival rate and litter size at 12 months of age than what currently seems to be the case. However, use of Dorper as a terminal sire breed for crossing with Red Maasai ewes may be advantageous in less harsh environments. With a nucleus flock of Red Maasai (and Dorper if needed), it is possible to realize substantial genetic gain in live weight and carcass weight of Red Maasai sheep at the commercial level, but there is a lag period until the improvement in any trait reaches the commercial tier. Selection of female replacements in the commercial tier would diminish this lag somewhat, but requires resources for extended sheep recording. The expected gain in low heritability traits like survival and milk yield is low.
